SUMMARY : Optimum conditions for acetate oxidation by acetate-adapted cells of Bncteriurn coli and experiments dealing with the inhibition of this oxidation are described. Quantitative relationships in isotope experiments between precursor and product implicate a t least succinate, fumarate and malate in the cyclic mechanism of acetate oxidation by this organism. The involvement of additional compounds in the oxidation of acetic acid is not excluded by these experiments. However, compounds more oxidized than acetate, such as glycollate and glyoxylic acid, are shown not to be involved in €he oxidation of the C,-fatty acid.
presented. The results are equally applicable whether a di-or tri-carboxylic acid cycle is operative. As far as we can ascertain, no such data have yet been presented in connexion with similar problems either in animals or microorganisms. Further, results will be described which eliminate other possible routes of acetic acid oxidation by Bact. coli. I n addition, certain optimum conditions will be described for the oxidation of acetate by this organism and experiments dealing with the inhibition of this oxidation will also be dealt with briefly.
MATERIALS AND METHODS
Bact. coli (Iowa State E26) was grown for 48 hr., with constant aeration a t approximately 30' in the usual medium (Ajl, 1950) containing sodium acetate as the sole carbon source. The handling of the cells and the chemical procedures were identical with those described (Ajl & Kamen, 1951a) .
Respiratory gas exchanges were determined with the Warburg apparatus in the usual manner.
Radioassays were made, using a conventional end window G-M tube connected to a Tracerlab ' autoscaler '. Solutions were pipetted on recessed stainless steel disks after neutralization. Solids, such as cells, were mixed with ethanol and spread evenly on disks. The samples were dried under an infra-red lamp. Appropriate corrections for self-absorption and carbon content were made.
Experiments with acetate and possible products of its oxidation
Two types of experiment were performed. I n procedure 1 a 14C labelled intermediate was incubated in the presence of several unlabelled compounds to which the radioactive intermediate was thought to give rise. For example, radioactive succinate was incubated in the presence of unlabelled fumarate, malate, oxaloacetate, pyruvate and acetate. I n like manner, radioactive fumarate was incubated in the presence of inactive malate, oxaloacetate, pyruvate and acetate, etc. Approximately uniformly 14C labelled succinate was prepared by the method of Ajl & Kamen (1951b) . Radioactive fumarate and malate were prepared in a similar manner, except that when labelled fumarate or malate was desired these, instead of succinate, were added as carriers during the oxidation of highly labelled acetic acid. I n procedure 2 methyl-labelled acetate was incubated in the presence of relatively high concentrations of three intermediates (succinate, fumarate and malate) considered to be possible intermediates in the oxidative breakdown of the C,-fatty acid.
Oxygen was passed constantly through the reaction mixture in 100 ml. test-tubes in order to diminish the reduction of C,-dicarboxylic acids back to succinate (Ajl, 1951a) . The CO, evolved was caught in alkali. The isolation procedures for succinate, fumarate and malate have been described by Ajl & Kamen (1951 a) , and the methods used for their quantitative estimation by Ajl (1951 a) . Oxaloacetate and pyruvate (but not a-ketoglutarate) were re-isolated chromatographically as their phenylhydrazones (LePage, 1950) . Their identity was checked spectrophotometrically.
Experiments with glycolbate, tartaric acid, glycolaldehyde and glyoxylate
When glycollic or tartaric acids were used as carriers, the procedures were as previously described (Ajl & Kamen, 1951a) . Because of the instability of glyoxylic acid and glycolaldehyde, some modifications were introduced in re-isolating them from the reaction mixture. Instead of distilling off the residual acetate in steam after the addition of H,SO,, and removal of cells by centrifugation, the entire solution (including the acetate) was placed on filter-paper and partitioned between a mixture of tert.-amyl alcohol, formate and water (Lugg & Overell, 1948) . Further, instead of removing the formic acid by autoclaving, the sheets were allowed to dry at room temperature for 18 hr. before spraying with bromcresol purple. Although it is not clear whether it is glyoxylic acid and glycolaldehyde, or the more oxidized forms of these compounds which ultimately separate out on paper, a definite band, with a constant R,, is obtained when glyoxylic acid or glycolaldehyde is put on paper, either in pure form or when re-isolated after incubation with cells. Inhibition by o-dinitrophenol and sodium axide. Some further evidence of the connexion between the phosphate requirement and the oxidative mechanisms concerned in acetate metabolism comes from experiments with o-dinitrophenol and sodium azide. Both of these compounds are known to uncouple oxidation from phosphorylation, e.g. in the presence of these reagents oxidation of substrate continues but phosphorylation is inhibited. At pH 6 (though not a t pH 7.0) the oxidation of acetate is markedly inhibited (Table 4) . This inhibition can perhaps be explained on the basis that some kind of an initial phosphorylating mechanism precedes the oxidation of acetate, a reaction presumably inhibited by dinitrophenol and sodium azide.
RESULTS

Phosphate requirement.
E' ect of pH vabue. The oxidation of acetate is markedly affected by the pH value of the buffer used. The optimum pH value for acetate oxidation appears to be between 7.0 and 7.4 (Fig. 1) . Similar results were obtained by Barron et al. (1950) with Corynebacteriurn creatinovorans.
Hydrogen transfer. The inhibition of acetate oxidation by sodium cyanide strongly suggests that electron transfer to molecular oxygen occurs through the cytochrome-cytochrome oxidase system (Table 5 ) . The addition of keto fixatives to cell suspensions of Bact. coli inhibited the oxidation of acetate (Table 6) ; this suggests that some type of keto compound is involved in the oxidation.
Experiments with acetate and possible products of its oxidations
Previous work showed that upon incubating radioactive acetate in the presence of inactive C,-dicarboxylic acids or pyruvate, all compounds become active (Ajl & Kamen, 1951a) . In connexion with certain aspects of the present investigation it was necessary to show as unambiguously as possible that the
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C, dicarboxylic acids and pyruvate can, among themselves, be interconverted. Accordingly, radioactive succinate was incubated in the presence of the other Szent-Gyorgyi C, acids, pyruvate and acetate, labelled fumarate in the presence of unlabelled malate, oxaloacetate, pyruvate and acetate, and labelled malate in the presence of unlabelled oxaloacetate, pyruvate and acetate. The results are shown in Table 7 . Two observations deserve comment. First, it is clear that all the C,-dicarboxylic acids are, during this normal aerobic metabolism, interconverted ; secondly, both acetate and pyruvate become active in all cases. Oxaloacetate, pyruvate, Using differential equations, they demonstrated that the following three criteria are the most useful in determining the precursor/product relationships : (1) the specific activity of the immediate precursor is greater than that of the compound arising from the precursor before the latter reaches its maximum specific activity; (2) after the compound reaches its maximum activity, the slope of the 'specific activity/time' curve of the compound is negative, and therefore the specific activity of the compound is greater than that of its precursors; (3) at the time when the compound has reached its maximum specific activity, the slope of its 'specific activity/time' curve is zero, and therefore the specific activity of the immediate precursor equals the specific activity of the compound at that time. Fig. 2 clearly shows that all three criteria are satisfactorily met as far as succinate, fumarate and malate are concerned, when these are oxidized in the presence of labelled acetic acid. While the specific activity of fumarate is increasing, the specific activity of succinate is, as it should be, at all times greater than that of fumarate before the specific activity of the latter reaches a maximum. This satisfies condition 1. After fumarate reaches its maximum specific activity, the slope of the curve becomes negative, the specific activity relations are reversed, fumarate having a higher specific activity than succinate. This satisfies condition 2. At the maximum or near maximum specific activity of fumarate, the slope of its 'specific activityltime' curve is zero, and the specific activities of succinate and fumarate are equal, thus satisfying the third condition for the establishment of a precursor/product relation. Good correlation has also been obtained between fumarate and malate. It follows then that in normal metabolism of acetic acid, succinate, fumarate and malate are involved in the order indicated. This is true whether a di-or tri-carboxylic acid cycle operates in the oxidation of the C, acid. This scheme of reaction has actually been suggested by Tolbert, Clagett & Burris (1949) to be involved in a C,C, condensation to a compound like dihydroxymaleic acid. On theoretical grounds only, we have considered such a mechanism unlikely (Ajl, 1951 a) . Experimental evidence against these compounds as intermediates in acetate oxidation will now be presented. Manometric experiments. Fresh thoroughly washed 18 hr. old cells grown on acetate oxidize acetate and glycollate vigorously ; glycolaldehyde and tartaric acid fairly rapidly; dihydroxymaleic acid to a small extent. However, when the same cells are aged, e.g. kept for a week or 10 days in the ice-box S. J . Ajl a t 5", the ability to oxidize acetate remains but the activity on all the other substrates almost completely disappears (Table 8 ). It appears, therefore, that although fresh acetate-grown cells do attack glycollate, glyoxylate, glycolaldehyde and tartaric acid, oxidation of acetate can continue when these intermediates cannot be attacked. If the oxygen uptake in 30 min. is taken as 100 for the old cells, the rate of oxidation of glycollic acid is 3, of glyoxylic acid 10, and of tartaric acid 7. Similar results were obtained by Barron et al. (1950) with C. creatinovorans. Evidence of a more direct nature was obtained by the use of labelled acetate. Two preliminary experiments were performed, in each of which labelled acetate was partially oxidized in the presence of either a mixture of unlabelled succinate, glycollate and tartaric acid, or a mixture of succinate and glyoxylate. Results are exhibited in Table 9 ; without exception, only succinate became radioactive. In these experiments no data were obtained indicating whether glycollate or glyoxylate were actually metabolized during the course of oxidation of 2-W-acetate, consequently uncertainties due to permeability of those acids could not be adequately excluded. I n another series of experiments the utilization of glycollate and glyoxylate was confirmed by oxygen uptake measurements. There was a considerable 0,-uptake with acetate alone but this was nearly doubled when glycollate, glyoxylate or tartaric acid were added (Table lo) . It is very likely, therefore, that these acids were metabolized. Neither glyoxylate nor tartaric acid contained any radioactivity ; the possible significance of the 156 counts/min. found in glycollate will be considered later. Even from the 0,-uptake data shown in Table 10 , there is no absolute assurance that both acetate and the intermediate carriers were oxidized. , 4 better criterion would be to trap the CO, and, if starting with methyllabelled acetate, the CO, became active and the intermediate carriers did not, even though the latter were actively metabolized as shown by oxidative data, then it could be assumed with somewhat more certainty that they were not involved in the main metabolic pathway of acetic acid oxidation. With this in mind, an experiment was performed and the data obtained are exhibited in Table 11 . The results clearly show that, although the intermediates as well as the acetate were being actively oxidized, glycollate, glyoxylate or glycolaldehyde did not become appreciably radioactive. The high radioactivity of the CO, indicates vigorous acetate oxidation by a cyclic process since the labelled carbon was originally in the methyl group.
DISCUSSION
The cyclic mechanism of acetate oxidation appears now to be rather well established. It had been shown previously by Ajl & Kamen (1951 a ) that the oxidation of 2-14C-acetate resulted in nearly symmetrical distribution of radioactivity in succinate; in addition, the radioactivity of the CO, evolved was nearly equal to the l4C content of succinyl carboxyl. The actual order of the reactions in the cycling process are further indicated by the 'timelspecific S . J . Ajl activity data' reported in the present paper. The data appear to fit the theoretical criteria that have been set up for precursor/product relationships.
Theoretically acetate could be oxidized via glycollic and glyoxylic acids. Such a mechanism would be attractive from a chemical standpoint because it involves the well-known aldol type of condensation. However, the experiments The situation, however, appears to be somewhat more complex than the above data suggest. We have shown that cells freshly harvested from acetate medium and thoroughly washed, will oxidize glycollate, glyoxylate, glycolaldehyde and tartaric acid. Isotopic data show that these acids are not involved in acetate oxidation. Further, similarly treated cells from glucose medium will not attack either these acids or acetate appreciably (see Table 12 ). A full interpretation of these data is beyond the scope of this work. However, in view of the isotopic data, the latter results can best be interpreted as a non-specific, adaptive response of acetate-grown cells to glycolate and glyoxylate.
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